We have monitored the compositional changes of the residual metallic compounds in isothermally treated catalytic chemical vapor deposition derived multi-walled carbon nanotubes systematically using 57 Fe transmission Mössbauer and X-ray fluorescence. The iron phases entrapped in the as-synthesized carbon nanotubes consist of γ-iron, α-iron, Fe 3 C and Fe 1-x S. The Fe 1-x S phase decomposes completely around 1500 °C while the iron carbide phase decomposes in the temperature range of 1500 -2400 °C. The obtained apparent activation energy of ca. 76 kcal/mol suggests that the entrapped iron was removed via a diffusion process during thermal treatment.
Introduction
For the last decade, carbon nanotubes have attracted much attention from academics and industry [1] [2] [3] [4] , because their theoretically calculated and then experimentally confirmed excellent physicochemical properties [5] [6] [7] [8] [9] make them promising in various applications [10] .
Most interest has been in the establishment of the cost-effective synthesis techniques for producing carbon nanotubes on a large scale. A floating reactant method based on the catalytic chemical vapor deposition (CCVD) method adopted by several companies enables multi-walled carbon nanotubes (MWCNTs) to be produced in a large quantity at a relatively low cost [11] [12] [13] [14] .
Unfortunately, the current largest obstacle for blocking the widespread use of carbon nanotubes is considered their potential toxic nature [15] [16] [17] [18] . In general, dissolved metal elements are known to cause toxicity in live organs [19, 20] . In addition, the metals in asbestos are reported to act as catalysts to create reactive oxygen compounds that damage DNA and other vital cellular components [15] . Recently, the remained metal particles entrapped in carbon tubes are considered to cause toxicity [18] . Therefore, high-temperature thermal treatment has been adopted industrially as a powerful post-treatment to improve structural integrity as well as remove the residual metal catalysts entrapped in CCVD-derived MWCNTs, effectively [21] [22] [23] .
In our previous study [23] it has been revealed that the removal of iron catalysts entrapped in carbon nanotubes involved the decomposition of iron compound with sulfur around 1500 °C and the vaporization of different Fe phases during isothermal treatment. However, until now there is no detailed information about the composition and the remained amount of every Fe phases for thermal treated CCVD-derived MWCNTs.
In this study, the composition and the amount of the remained Fe catalysts have been investigated for isothermally treated CCVD-derived MWCNTs at various temperatures ranging from 900 to 2800 °C for different duration time from 2 to 60 minutes. Then, the effects of thermal treatment temperature and duration time on the removal of residual Fe catalysts are 2 evaluated using X-ray fluorescence (XRF), 57 Fe transmission Mössbauer spectroscopy (TMS), X-ray diffraction (XRD) and transmission electron microscopy (TEM). Also, the removal process of Fe catalysts entrapped in MWCNTs is discussed kinetically.
Experimental
The carbon nanotubes used in this study were synthesized in a vertical tubular reactor by CVD-based floating reactant system using ferrocene and thiophene as catalyst precursor, toluene as carbon feedstock in a hydrogen atmosphere. Thermal treatment was carried out in a graphite-resistance furnace operating in a high-purity argon gas atmosphere in a semi-continuous system. The detailed synthesis and thermal treatment conditions have been described in detail in our former paper [23] .
The residual amount of iron and sulfur was measured by X-ray fluorescence analysis (Rigaku ZSX mini) with Pd K α X-ray source (the measurable limit is 30ppm for iron and 100ppm for sulfur). A JEOL X-ray diffractometer system (JDX-3532) was used to characterize the composition of impurity in carbon nanotubes with a Cu K α X-ray source. In order to compare the absolute X-ray diffraction intensity for different samples, 40 mg nanotubes were filled in a 25 mm × 20 mm × 1.5 mm sample holder. TEM observation (Hitachi HF-2200 Field Emission TEM) was also carried out to investigate the local information of catalyst particle in nanotubes.
In addition, 57 Fe TMS was obtained with an Austin Science S-600 Mössbauer spectrometer using a 1.11 GBq 57 Co/Rh source at room temperature. To ensure the signal strong enough in spite of the different iron content for various samples, the samples mounted in a holder (18 mm in diameter, 50 mm in length) were weighting from 600 to 1500 mg. Curve fitting of the obtained spectra was performed with a personal computer, assuming that the spectra were composed of peaks in Lorentzian line shape. 3 
Results and discussion

Variation of the residual Fe catalysts during thermal treatment at different temperatures
In general, the composition of metallic catalysts entrapped in carbon nanotubes is characterized by TEM and XRD techniques. As shown in Fig. 1 (a) , the catalyst particle could be observed at the tip of as-synthesized carbon tube. After thermally treated at 2000 °C for 20 minutes, the catalyst particle becomes disappeared without the disruption of tube morphology ( Fig. 1 (b) ).
When the catalyst particle in tube is large enough, the structural information on metallic catalyst could be obtained with selected area electron diffraction analysis (the insert in Fig. 1 (a) ).
However, it is impossible for annealed tube after the catalyst particle disappeared (the insert in Fig1 (b)). Besides, the general information of Fe catalysts in our carbon nanotubes could be obtained in the range from 40 to 46° from XRD profile. As shown in Fig. 2 , there is a peak around 44.4° for as-synthesized MWCNTs, but it disappears after tubes thermal treated above 2000 °C. Meanwhile, another peak around 43.4° moves to around 42.6°, the location of C (100).
These two peaks appearing around 44.4° and 43.4° for as-synthesized tubes are thought to originate from the residual Fe catalysts. After thermal treatment above 2000 °C, the elimination of Fe catalysts is associated with the disappearance of the peak around 44.4°. While the peak around 43.4° is overlapped by enhanced C (100) diffraction peak during thermal treatment, the situation is unclear. Thus the composition and the amount of Fe catalysts are difficult to evaluate because only indistinct peaks diffracted from the catalysts less than 10 nm are obtained, and there are so many peaks of Fe and its compounds with sulfur or carbon in the range from 44.4° to 43.4°.
On the other hand, 57 Fe TMS at room temperature is known as the sensitive tool to detect the composition of iron phases entrapped in carbon nanotubes [24] [25] [26] . As shown in Fig. 3 (a) , the 57 Fe TMS spectrum of the as-synthesized carbon nanotubes could be accurately separated into four different sets, indicating four different iron phases. Three sharp sets correspond to γ-iron, α-iron and iron carbide, respectively. Considering that ferrocene and thiophene have been used as catalyst precursor in our nanotube synthesis, it is reasonable that the broad set is attributed to the spectral element of Fe 1-x S (pyrrhotite) with two crystal symmetries occurring together. The relative spectral areas corresponding to the four phases are γ-iron (8%), α-iron (15%), Fe 3 C (20%) and Fe 1-x S (57%). From the 57 Fe TMS spectrum of thermally treated MWCNTs at 1500 °C for 20 minutes (Fig. 3 (b) ), the spectral signatures for γ-iron (13%), α-iron (23%), Fe 3 C (64%) are fitted, but the spectral element corresponding to Fe 1-x S disappears completely. When MWCNTs were thermally treated at 2200 °C for 20 minutes, the 57 Fe TMS spectrum consists of γ-iron (2%), α-iron (86%) and Fe 3 C (12%) ( Fig. 3 (c) ), indicating that the predominant component left in thermally treated carbon nanotubes at high temperature is pure Fe.
Utilizing the residual Fe content detected with XRF analysis and the relative spectral areas corresponding to each Fe phase fitted with 57 Fe TMS spectrum, the amount variation of each Fe phase as a function of thermal treatment temperatures is evaluated quantitatively. Obvious decrease of the total residual Fe content occurs between the range from1800 to 2500 °C while there is little change above 2500 °C ( Fig. 4 (a) ). From 900 to 1200 °C, the Fe 1-x S compound decreases a little, however it decreases abruptly in the range from 1200 to 1500 °C and disappears completely above 1500 °C ( Fig. 4 (b) ). On the contrary there are some increases in the relative amount of Fe 3 C phase in the temperature range of 1200 -1500 °C (Fig. 4 (c) ), while both the pure metallic γ-iron and the α-iron show little variation in the same temperature range ( Fig. 4 (d) and (e)). In the range from 1500 to 2400 °C, Considering the result mentioned above, the removal process of residual Fe catalysts in our MWCNTs can be described as following. The Fe 1-x S compound decomposes at first in the range from 1200 to 1500 °C and finally vanishes above 1500 °C. In the same temperature range, little reduction is observed for the total Fe content and the pure metal iron phase, on the contrary there is some increase in the relative amount of Fe 3 C phase. It indicates that the main variation of Fe catalysts in this temperature range (1200 -1500°C) is the decomposition of Fe 1-x S compound. The decomposed sulfur vaporizes rapidly while the decomposed iron element is carbonized into Fe 3 C compound, rather than vaporization, because the temperature is still below the vaporization temperature of iron. In the temperature range from 1500 to 1800 °C, obvious reduction is detected for carbide Fe 3 C phase however there is little change of total Fe content. It indicates that in the range of 1500-1800℃ the main variation is the decomposition of carbide Fe 3 C phase. In the temperature range from 1800 to 2400 °C, obvious reduction for carbide Fe 3 C phase, pure iron phase and total Fe content reveals that not only the decomposition of carbide Fe 3 C phase but also the vaporization of all iron phase occur surely. Above 2400 °C, there is no carbide Fe 3 C phase left that means the Fe 3 C phase has decomposed completely. The elimination of residual Fe is the vaporization of pure Fe. However several hundreds ppm of pure Fe is found even after thermally treating at 2800 °C for 20 minutes.
Isothermal evaluation of the removal process of Fe catalysts
To evaluate the Fe catalyst removal process isothermally, isothermal treatment was carried out with duration times varied from 2 to 60 minutes at 1800, 2000 and 2400 °C. As shown in Fig. 5 (a), the residual iron content (denoted as C value) decreases continuously with the duration time at both 1800 and 2000 °C, while it exhibit little change for thermally treated sample at 2400 °C for duration time more then 20 minutes. As mentioned above, most of the residual catalytic Fe could be eliminated by thermally treating our nanotubes at 2400 °C for more than 20 minutes.
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Therefore it is suitable to discuss the removal process of Fe catalysts isothermally with the content of residual iron in the variation ranges. Plots of the ln(C value) versus isothermal thermal treatment duration time at 1800 and 2000 °C from 2 to 60 minutes, 2400 °C from 2 to 10 minutes, shows the linear relationship, which enable us to get the rate constant k at each thermal treatment temperature from the slopes of these lines as shown in Fig. 5 (b) (k = dln(C value)/dt). By applying Arrhenius equation written as in following [27] , the apparent activation energy for removal of Fe catalyst in MWCNTs could be estimated.
k=A exp(-E/RT)
In the Arrhenius equation, k is the rate constant, E the energy of activation, A the frequency factor, T the absolute temperature of heat treatment and R is the gas constant. The resultant linear relation of the plot ln(k) as a function of 1/T (Fig. 5 (c) ) provides the estimation of the apparent activation energy as the order of 76 kcal/mol for elimination of metallic catalyst entrapped in our thermally treated MWCNTs in the range from 1800 to 2400°C. This value is significantly corresponding to the activation energy for self-diffusion of Fe element: 68 kcal/mol at melting point (1811K) [28] . Therefore, it is important to note that Fe compounds entrapped in carbon nanotubes are removed via a diffusion process, instead of phase transformation, although there are several phases of iron catalysts in our nanotubes. In the other word, the residual Fe catalysts in tubes could move transfer to the outer surface of carbon nanotubes diffusively by heat treatment. there is no carbide Fe 3 C phase left that means the Fe 3 C phase has decomposed completely. By thermally treating above 2400 °C, we could obtain high purity carbon nanotubes with small amount of pure Fe. As determined in a previous study of toxic evaluation [29] , our thermally treated tubes showed relatively inert biological reactivity. Also, the estimated apparent activation energy regarding the removal of Fe catalyst for thermally treated samples in the range from 1800 to 2400 °C is ca. 76 kcal/mol, indicating that the entrapped Fe compounds in carbon nanotubes are eliminated via a diffusion process during isothermal annealing. 
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